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We report measurements of elastic moduli of hcp solid 4He down to 15 mK when the samples are
rotated unidirectionally. Recent investigations have revealed that the elastic behavior of solid 4He is
dominated by gliding of dislocations and pinning of them by 3He impurities, which move in the solid
like Bloch waves (impuritons). Motivated by the recent controversy of torsional oscillator studies, we
have preformed direct measurements of shear and Young’s moduli of annular solid 4He using pairs
of quarter-circle shape piezoelectric transducers (PZTs) while the whole apparatus is rotated with
angular velocity Ω up to 4 rad/s. We have found that shear modulus µ is suppressed by rotation
below 80 mK, when shear strain applied by PZT exceeds a critical value, above which µ decreases
because the shear strain unbinds dislocations from 3He impurities. The rotation - induced decrement
of µ at Ω = 4 rad/s is about 14.7(12.3) % of the total change of temperature dependent µ for solid
samples of pressure 3.6(5.4) MPa. The decrements indicate that the probability of pinning of 3He
on dislocation segment, G, decreases by several orders of magnitude. We propose that the motion
of 3He impuritons under rotation becomes strongly anisotropic by the Coriolis force, resulting a
decrease in G for dislocation lines aligning parallel to the rotation axis.
PACS numbers: 62.20.de,66.30.J-,67.80.B-
I. INTRODUCTION
Solid 4He, a unique bosonic quantum solid, shows var-
ious quantum effects1–3. 4He atoms exchange frequently
their positions between the lattice sites. The exchange
leads to a dramatic effect in the motion of isotopic 3He
impurity, which is inevitably contained in any 4He sam-
ples. A 3He impurity can move as a Bloch wave in the
periodic potential formed by surrounding 4He atoms, a
situation like electrons in crystal. Such a Bloch state is
called impuriton or mass fluctuation waves1,2,4–8. Since
there are particle exchanges, bosonic solid 4He may ex-
hibit superfluidity by Bose - Einstein condensation while
its crystalline structure is kept9–11. Search for the coexis-
tence of superfluid and crystalline orders, called superso-
lidity, was sparked by the discovery of torsional oscillator
(TO) anomaly in 2004 by Kim and Chan12,13. It is nowa-
days realized that the TO behavior found by Kim and
Chan, a drop of resonant period associated with dissipa-
tion, turned out to be originated from the elastic change
of solid 4He. Even so, supersolid state of matter has been
one of the most fundamental problems in condensed mat-
ter physics and bosonic 4He is still a candidate to realize
such a intriguing state14.
Intensive studies of the putative supersolid state have
revealed anomalous behaviors in elastic properties of
solid 4He at subkelvin temperatures15–19. The shear
modulus of solid 4He, µ, shows a minimum at temper-
atures 200 < T < 500 mK. Below 200 mK, it increases
with decresing T and saturates below about 50 mK. The
anomalous increase in shear modulus below 0.2 K has
been attributed to pinning of dislocation network exist-
ing in solid 4He by 3He impurity atoms15,20. The anoma-
lous elastic behavior owing to the dislocation motion and
its pinning by 3He is a consequence of quantum nature
in solid 4He. First, quantum fluctuation of 4He atoms
around lattice sites makes the Peierls potential so small
that each dislocation segment between intersections can
easily vibrate like a string in which both ends are fixed.
Second, 3He dilutely dispersed in solid 4He form a Bloch
state with energy bands and hence can move as an im-
puriton which has a group velocity and a band effective
mass determined by band structure, especially by band-
width. The quantum motion of impurity 3He was stud-
ied in 1970-80’s4–8. Magnetic resonance experiments and
theoretical studies revealed that at low enough concen-
tration 3He impurity behaves as impuritons, but the in-
teraction between dislocations and impuritons was not
discussed. In real solid 4He, dislocation networks are
strongly pinned at their intersections (nodes) so that they
cannot move as a whole but only the segments between
nodes oscillate in particular gliding directions. It should
be emphasized that, 3He needs to move freely in solid 4He
to realize the pinning of dislocations and consequently
the increase in shear modulus, and the movement of 3He
near 0 K can be realized only by the impuriton mecha-
nism.
In this paper, we report on new phenomenon related
to the elasticity of solid 4He below 0.1 K, a decrement
of shear modulus when solid sample is steadily rotated.
We have observed decrements in two solid samples with
different pressures. The decrements suggest that pinning
of dislocation network by 3He atoms is disturbed by rota-
tion. We propose a possible mechanism for the suppres-
sion of 3He pinning by considering the quantum nature of
solid and impurity: The Coriolis force acting on 3He im-
2puritons makes their motion strongly anisotropic. This
anisotropy of 3He diffusion can decrease the probability
of attaching 3He to dislocations.
One of our motivation for the present work is to solve
the controversy in the TO measurements under rotation.
Choi et al. found that the apparent supersolid frac-
tion, i.e. the magnitude of period drop, obtained from a
TO containing annulus solid 4He sample is strongly sup-
pressed by steady DC rotation21–23. They attributed the
suppression of the period drop to the intrusion of quan-
tum vortices in supersolid. As the TO period shift is not
originated from supersolidity, the origin of the rotation
effect discovered by Choi et al. is now a most important
puzzle: It has been established by theoretical considera-
tions and by Finite-Element Method simulations that in-
crease in shear modulus of solid 4He contained in the bob
of a TO stiffens the TO bob and thus decrease the TO
period. This stiffening - induced period drop was mis-
taken as a superfluid response of solid He inside. Given
that the TO period drop is entirely due to elastic change
in solid 4He, shear modulus has to be influenced by rota-
tion. Choi et al. measured shear modulus under rotation
by a pair of piezoelectric transducers (PZTs) located in
the center of their TO, but they did not observe rotation
effect21. In our present setup, we measure shear modulus
in the direction of circumference of annular solid samples
so that it is possible to conclude the origin of rotation
effect observed by Choi et al..
We organize this paper as follows: In the following
Section, we describe elastic properties solid 4He and cur-
rently argued interpretation. In Sec. III, we show the
experimental method to measure shear and Youngs mod-
ulus for annulus solid 4He sample under rotation. In Sec.
IV, experimental results with and without rotation are
shown, followed by the interpretation for these results in
terms of impuriton model in Sec. V. In Sec. VI we give
some discussion and the paper is summarized in Sec. VII.
II. BACKGROUNDS
A. Shear modulus anomaly and dislocation in solid
4He
Since 1970’s, it has been well established that solid he-
lium contains dislocations as a defect by measurements
of plastic deformation24, ultrasound25,26 and X-ray27. As
in dislocations in ordinary matters such as metals, dis-
locations in helium compose a network structure. The
nodes of dislocation network are strongly fixed, while dis-
location segments between nodes can vibrate like strings
in response to stress28. Ultrasonic studies showed that
3He impurity atoms attach to dislocation segments at
low temperatures and disturb their oscillations respond-
ing to ultrasound26. It is suggested that, in hcp solid
4He, 3He impurity atoms are trapped to edge and mixed
dislocations in which both the dislocation lines and their
Burgers vectors are aligned to the basal plane of hcp lat-
tice ((0001) plane). This is because elastic deformation
around the core of dislocations forms an attractive po-
tential on the side where atomic density is low. Note
that another side has higher atomic density, and exerts
a repulsive force. Screw dislocations do not attract 3He.
The elastic modulus of solid 4He at subkelvin tem-
peratures is determined by the motion of dislocation
segments15–20,29,30. As solid is cooled below 1 K, disloca-
tion movement is damped by the collision with phonons
so that the shear modulus is relatively high. As temper-
ature decreases, the number of phonons decreases and
dislocation segments become free to glide in the basel
plane in response to applied shear, while the intersec-
tions act as nodes and are immobile. The shear modulus
has a minimum at temperatures 0.2 - 0.5 K, depending
on 3He concentration. At lower temperatures (e.g. be-
low 0.2 K), shear modulus starts to increase because 3He
atoms start to stick to dislocation segments and disturb
their motion. Shear modulus gradually approaches to its
intrinsic value below 50 mK.
The temperature and 3He concentration dependen-
cies of shear modulus were first measured by Day and
Beamish for polycrystalline solid samples15. Later stud-
ies by Balibar and coworkers in which the orientations of
single crystals to PZTs were precisely controlled revealed
that only the elastic constant c44 is responsible for the
increase in shear modulus below 0.2 K30. The situation
is shown in Fig. 1. c44 corresponds to the elastic ten-
sor component when the hcp basal plane glides to [1010],
[1100] or [0110] directions (Fig. 1(a)), and when (1010),
(1100) or (0110) planes glide to the direction of c ([0001])
axis ((b)). The dislocations which mainly determine c44
are aligned perpendicularly to shear strain and in par-
allel to the gliding plane, illustrated as vertical lines in
Fig. 1(c). The vibration of the vertical dislocations glide
the planes and can relax shear stress. It is remarkable in
hcp 4He that the glide motion occurs at very low applied
shear strain ǫ ∼ 10−9.
Although the microscopic mechanism of trapping 3He
to dislocation core has not been understood, the effect
of 3He impurity on shear modulus has been phenomeno-
logically discussed and has successfully explained the de-
pendencies of shear modulus on temperature and applied
shear stress31. We will discuss the detail of the models
in Sec. V.
B. Impuriton: quantum impurity 3He in solid 4He
Elastic anomaly below 0.2 K occurs even when imposed
shear stress is so small that the displacement of disloca-
tion is less than 10 nm. Since the average length of dislo-
cation segments is on the order of 10 µm and should be
comparable to the average separation of segments, 3He
atoms move a long distance in solid 4He, in order to be
trapped by dislocation core. Definitely, such mobility of
3He near 0 K can be realized only by quantum effects.
3He impurities are delocalized and behave as quasi-
3FIG. 1. (Color online) Two cases of shear motions of hcp 4He
that contribute to change in c44. (a) The hcp basal plane
glides to [1010], [1100] or [0110] directions. (b) (1010), (1100)
or (0110) planes glide to the direction of c ([0001]) axis. (c)
Schematic drawing of dislocation network (cubic shape is as-
sumed for simplicity). The vibration of dislocation lines per-
pendicular to glide direction and in parallel to the gliding
plane (shown by dashed lines) only contributes to shear stress.
The direction of sample rotation Ω is also shown by an arrow
for later discussion.
particles like Bloch waves in periodic potential of the
4He matrix, hence the wavenumber k of the quasipar-
ticles become a good quantum number and the motion
is determined by energy bands. The quasiparticle was
called impuriton by Richards6 or mass fluctuation waves
by Guyer4,5. The impuriton picture for 3He in solid 4He
was theoretically proposed by Andreev and Lifshitz9, in
which they called it defecton, and by the above authors,
and then experimentally confirmed by many NMR stud-
ies for 3He concentration from 0.02 (2 % molar ratio of
3He) down to 10−5 (10 ppm)6,8,32. Note that the im-
puriton picture becomes better as the concentration de-
creases. Therefore, although no NMR experiments were
performed for commercial 4He gas in which typical 3He
concentration is less than 1 ppm, one may expect that
3He behaves as impuriton in such a low concentration
sample.
The most important feature of 3He impuriton is that
the energy bandwidth is extremely small and it strongly
depends on the molar volume (i.e. pressure) of solid
4He. Exchange energy between 3He and 4He, J34, at
the highest molar volume (near the melting pressure) 21
cm3/mole is of the order of 10−5 K, which corresponds to
1 MHz in frequency1,2. The corresponding energy band-
width ∆ is determined by crystal structure and is about
10J34 for hcp lattice, hence of the order of 10
−4 K, the
temperature of which is far smaller than the tempera-
ture we perform experiment. With increasing pressure
(decreasing molar volume), the bandwidth rapidly de-
creases: At pressures of the solid samples in the present
work, P = 3.6 and 5.4 MPa, the bandwidth are less than
100 kHz and 10 kHz, respectively. Accompanied with this
small bandwidth, the group velocity vg of impuritons also
becomes small: As shown in Sec. V, vg is of the order of
1 mm/s near melting, but it decreases down to 100 nm/s
at P = 5.4 MPa. Correspondingly, the effective mass of
impuriton, m∗, is extremely large: m∗ is 104m3 where
m3 is the bare mass of a
3He atom (7× 10−27 kg) at the
melting pressure, and it exceeds 106m3 at 5.4 MPa. As
discussed in Sec. VI, the large effective mass and small
group velocity of impuritons are essential for the rotation
effect on shear modulus.
The validity of the impuriton model at high pressures
(e.g. 3 ∼ 15 MPa) is an important problem because
many TO experiments have been done at such high pres-
sures. According to the NMR experiment performed by
Greenberg et al., the exchange frequency of impuritons
J34 was measured up to 4 MPa (20 cc/mole), and it was
found to be less than 1 kHz at the largest pressure32.
Therefore, the impuriton model is valid at pressures up
to 4 MPa. The pressure of one of our solid samples is
3.6 MPa, which is well below this pressure. Whether the
impuriton model correctly describe the behavior of 3He
at pressures higher than 4 MPa is yet to be confirmed ex-
perimentally. In a TO measurement by Kim and Chan,
it was found that the apparent supersolid response was
observed for many solid samples up to 15 MPa, where the
onset temperature of the apparent supersolidity showed
no pressure dependence33. If the supersolid - like behav-
iors observed in the high pressure samples are entirely
caused by the elastic anomaly of solid 4He, 3He impuri-
ties have to run a macroscopic distance even in such high
pressure samples, otherwise the 3He - dislocation pinning
model would never work out. There is also possibility
that 3He can hop site to site by quantum tunneling with-
out forming impuriton band. It is therefore concluded
that the picture of ”dislocation pinning by 3He moving
quantum mechanically” is valid for solid at pressures up
to 15 MPa.
C. Effect of rotation on properties of solid 4He:
previous studies
Far before the 2004 Kim - Chan experiment, Pushkarov
theoretically studied the effect of rotation on defecton
quasiparticles, in which he focused on zero point vacancy
in solid 4He2,34,35. He discussed the motion of quasi-
particles under sample rotation in terms of a Fokker -
Planck equation, and found that quasiparticle diffusion
is strongly suppressed in the direction perpendicular to
the rotation axis2,34. When crystal is steadily rotated,
the temperature dependence of diffusion coefficient per-
pendicular to the rotation axis change dramatically from
D ∝ T−7, which is the behavior under no rotation and
is determined by phonon scattering, to T 9 dependence
at subkelvin temperatures, while the diffusion constant
parallel to the rotation axis remains unchanged. This
dramatic anisotropy of defecton diffusion is essentially
the same conclusion as our consideration focussing on
circular motion of impuritons by Coriolis force, which is
4discussed in Secs. V and VI. Pushkarov also claimed that
the centrifugal force tends to change the distribution of
defectons in the radial direction of a cylindrical solid35.
It is essentially an ordinary phenomenon of centrifuge,
and we find that it is negligibly small for rotation speed
of the order of 1 rad/s, even compared to the effect of
gravity on the vertical distribution of 3He impuritons.
In order to study the possible quantized vortices in su-
persolid, TO experiments have been performed using sev-
eral rotatable dilution refrigerators in the world. Choi et
al. employed a TO containing annular solid 4He and a ro-
tating dilution refrigerator at RIKEN, which is also used
by us in the present work21–23. They observed that the
magnitude of period drop, which was previously called
”non-classical rotational inertia fraction” (NCRIF), is
suppressed when unidirectional rotation is imposed to the
torsional oscillation. As the rotation speed increases, the
magnitude of the period drop decreases and the accom-
panying dissipation increases21,22. The oscillator used by
Choi et al. had a PZT pair at the center of the torsional
bob so that shear modulus of the solid other than the
annular part was measured independently. In contrast
to the TO period, no significant change in shear mod-
ulus was observed when the apparatus was rotated21,23.
It was thus concluded that the rotation effect on TO
frequency is related to supersolidity. They further stud-
ied TO response by changing rotation speed continuously
and observed a step - like TO period change, which was
again interpreted as a vortex intrusion22. Since any TO
responses were revealed not to be originated from super-
solidity, these experimental results of Choi et al should
be reconsidered on the basis of elastic behavior of solid
4He.
Other TO experiments under rotation performed by
Yagi et al.36 and Fear et al.37 employed rotating cryostats
of ISSP, Univ. Tokyo and of Univ. Manchester, respec-
tively. They claimed that no significant rotation effect
was observed in the period of TO containing cylindrical
or annular solid 4He samples. Especially, Fear et al.37
employed annular solid samples, which were similar to
that used by Choi et al., but they did not observe any
rotation effect. Fear et al. claimed that the rotation ef-
fect observed by Choi et al. should be originated from
mechanical noise caused by rotating cryostat.
This experimental controversy has recently been stud-
ied by two TO experiments using the rotating cryostat at
RIKEN. One experiment done by Jaewon Choi et al. em-
ployed a TO which has two annular tubes (donut shape)
connected with a torsion rod38. This oscillator was spe-
cially arranged to make elastic contribution to the reso-
nant period as small as possible (by no use of epoxy, and
so on), and to have multiple resonant frequencies to de-
tect the frequency - independent component in the period
change, which can be originated from supersolidity39.
The change in period drop by rotation up to 4 rad/s
was small and did not reproduce the result of Choi et
al.38. Another experiment based on completely opposite
idea by Tsuiki et al. used a multiple - frequency TO
FIG. 2. (Color online) The experimental cell. (a) Schematic
view. Capillary is used for supplying line of 4He. (b) In-
ner structure. The gaps between the PZTs are 0.5 mm. (c)
Movements of two PZT’s. Top : neutral position. The middle
and the bottom express movements of shear and compressive
PZTs, respectively.
which is very sensitive to elasticity of solid 4He inside
the bob40. This TO was firstly proposed by Reppy et
al. and is called a floating - core TO41, in which the
annular solid sample is formed between the outer shell
and the inner core, which is hung by a torsion rod from
the outer shell. In this elasticity - sensitive TO study,
suppressions of TO period drop have been observed at
intermediate temperatures depending on TO amplitude
(i.e. applied shear stress), but the suppression at lowest
temperatures is much smaller than that observed by Choi
et al.40. Since both the experiments by Jaewon Choi et
al. and Tsuiki et al. were done with using the same rotat-
ing cryostat at RIKEN42, the possibility of the spurious
effect by mechanical noise, which was claimed by Fear
et al.37, is denied. The large rotation effect observed by
Choi et al is yet to be understood. In Sec. VI we will
give a possible interpretation for the discrepancy in TO
studies.
III. EXPERIMENTAL SETUP
Our sample cell to measure elastic moduli is schemat-
ically shown in Fig. 2(a) and (b). A thin annular chan-
nel is formed by gluing a cylinder to a container, both of
which are made of BeCu alloy. The inner and outer radii,
and the height of the channel are 8.0, 10.5, and 12.0 mm,
respectively. Two pairs of quarter - circle shape PZTs
(10 mm height and 0.5 mm thick)43 are glued to the in-
ner and outer walls with inserting round shaped Macor
plates for insulation. The arc lengths are 14.14 and 12.73
mm for outer and inner PZT, respectively. The gaps be-
tween the inner and outer PZTs, i.e. the thickness of
solid He sample, are set to 0.5 mm.
We show in Fig. 2(c) movements of two PZTs. When
a voltage is applied, one of the PZTs moves in the az-
imuthal direction, as shown in the middle. This motion
5gives a shear to the solid He sample between the pair
PZT, so the PZT pair is used to measure shear modulus
in the azimuthal direction of the annular solid, i.e. the
same direction as the rotation - induced velocity. An-
other PZT expands in the radial direction as shown in
the bottom of the cartoon, hence the PZT compresses
the solid sample. This PZT pair applies a strain to the
solid and detect the resultant stress in the radial direc-
tion. It therefore measures Young’s modulus. We refer
to the former PZT pair as the ”shear” PZT, whereas the
latter as the ”compressive” PZT.
With these PZTs, we measure elasticity of solid 4He as
follows: We applied an AC driving voltage VAC with fre-
quency f = 1.0 kHz to the inner PZT which acts as drive
PZT. The PZT produces an AC strain ǫ = VACdPZT/D
to solid 4He, where dPZT is the piezoelectric constant,
and D the gap between the drive and detection PZTs, 0.5
mm. We estimate dPZT at low temperature (below 0.5 K)
to be 7.91(7.35)×10−11 m/V for the shear (compressive)
PZT, respectively. The strain causes stress σ = λǫ. The
elastic modulus of solid 4He λ (the shear modulus µ or
the Young’s modulus E) is evaluated by measuring the
piezoelectric current I induced on the outer detection-
PZT as λ = (D/2πAd2PZT)(I/fVAC), where A is overlap-
ping area of drive and detection PZTs. Since the current
I is typically an order of 1 pA, a current preamplifier
with a fixed gain of 5 × 108 V/A and lock-in technique
are used to measure the current. The effect of electrical
crosstalks between the drive and detection PZTs, which
affects the phase difference between I and VAC, is care-
fully removed using the crosstalks obtained by measuring
the cell filled with superfluid 4He.
The whole cell is mounted on the center of a flange
connected to the mixing chamber of the RIKEN rotat-
ing dilution refrigerator42, the same apparatus as TO
measurements by Choi et al.21–23. The refrigerator is ro-
tated with angular velocity −4 ≤ Ω ≤ 4 rad/s. Since the
measured moduli had no dependence on the direction of
rotation, we show results obtained at 0 ≤ Ω ≤ 4 rad/s.
In this work, we employed two polycrystalline solid 4He
samples of pressure P = 3.6 and 5.4 MPa grown by the
blocked capillary method from commercial 4He gas with
3He concentration x3 = 0.3 ppm.
IV. RESULTS
A. Effect of rotation on shear modulus
Figure 3 shows the temperature dependence of shear
modulus µ measured at three different strains (ǫ) for two
solid 4He samples of 3.6 and 5.4 MPa. In Fig. 3, data for
different Ω’s are shifted to coincide at 300 mK on the as-
sumption that all dislocation is free from pinning by 3He
impurities so that they have essentially the same mini-
mum modulus value at this temperature and the whole
datasets with the same strain results are systematically
shifted for clarity.
FIG. 3. (Color online) Shear modulus of two solid samples as
a function of temperature. Data are shifted so as to coincide
at 300 mK for each strain. Scales of shear modulus for two
samples are different. (a) P = 3.6 MPa. Data are shown for
three different strains and Ω = 0, 1, 2, 3, 4 rad/s. (b) P = 5.4
MPa, for two strains and Ω = 0 and 4 rad/s.
The data were taken as a time series (partly shown in
Fig. 4) in the cooling run from 0.5 K to the lowest T .
In both samples, changes in µ depend on T and ǫ. In
the case of the 3.6 MPa sample shown in Fig. 3 (a), at
ǫ ≤ 7.91× 10−9, the saturation of change in µ completes
at 40 mK. The modulus increases from 300 to 20 mK by
about 22 %. On the other hand, at ǫ = 3.96×10−8, µ does
not saturate at 40 mK. This is also observed in the sample
of 5.4 MPa shown in Fig. 3(b), in which the magnitude of
the change by temperature is about 40 % at two different
ǫ’s and at 0 rad/s. This ǫ dependence is essentially similar
to the previous shear modulus measurements by other
groups15,16,21,44 using a pair of flat PZT. The trend that
the saturation temperature shifts to lower T at large ǫ
indicates that ǫ = 3.96×10−8 exceeds, or is in the vicinity
of the critical strain ǫc, above which µ is suppressed.
We examined the effect of rotation for the two samples.
In the 3.6 MPa sample at ǫ = 2.37× 10−9, no character-
istic dependence of µ on Ω is observed, although data
are scattered. At ǫ = 7.91 × 10−9, µ does not change
by rotation, except above 0.36 K, where the slope of µ
changes as Ω increases to 2 rad/s. Also in the 5.4 MPa
sample, at ǫ = 1.58×10−9, µ is almost identical for 0 and
4 rad/s, except for a small difference between 0.1 and 0.2
6FIG. 4. (Color online) (a) A sequence of measurement of Ω
dependent shear modulus µ at ǫ = 3.96 ×10−8. Brown lines
show temperature, while other colors show µ at different Ω’s.
Black points indicate data at Ω = 0 rad/s between 1 and
2 rad/s, 2 and 3 rad/s, after 4 rad/s measurements. Shear
modulus has a minimum around 300 mK and has a plateau
as the lowest temperature approaches. (b) Ω dependence of
the ”minimum” and the ”plateau” values of µ (µave(300 mK)
and µave(20 mK)). The lowermost (red) and middle (black)
dashed lines are results of the linear least square fitting. The
uppermost (red) line is a parallel shift of the minimum line
(indicated by red arrows), thus shows a ”supposed” change
in µ at the lowest T if there were no suppression by rotation.
Suppression of µ by rotation is described by blue arrow (see
text).
K. Although the change is too small to identify as a ro-
tation effect because of poor signal-to-noise ratio of the
data, we will mention in Sec. V that a similar decrement
at intermediate temperatures (0.1 - 0.2 K) has been ob-
served in the floating-core TO40. At ǫ = 3.96 × 10−8, µ
at two pressures tend to have smaller value below 0.1 K
as Ω increases from 0 to 4 rad/s. This tendency is more
prominently seen in the 5.4 MPa sample.
The Ω - dependent shear modulus at ǫ = 3.96×10−8 is
more clearly confirmed by looking at the time sequence
of the data acquisition. The time sequence of the 3.6
MPa data is shown in Fig. 4 (a). We set Ω to a constant
value (1, 2, 3 and 4 rad/s) before either cooling or warm-
ing scan. After each scan at a constant Ω, we stopped
rotation (Ω = 0 rad/s) and then immediately increased
Ω to a new value. The open circles indicate the high - T
shear modulus which is obtained by averaging the data
around 300 mK, and the open squares indicate the shear
modulus averaged at the lowest T . With these averaged
data µave, we define ∆µ ≡ µave(20 mK)−µave(300 mK),
the magnitude of total change in µ from 300 to 20 mK,
which is indicated by an arrow in Fig. 4 (a) for the Ω =
0 rad/s data. ∆µ decreases progressively as Ω increases.
There is another important feature in Fig. 4(a). At
the lowest T , µ once has a plateau value indicated by
open square, then increases abruptly. One can clearly
see that this abrupt change occurs while keeping Ω = 4
rad/s (shown in red data). We will discuss this behavior
in Sec. V.
The Ω dependence of µ is obtained by plotting
µave(300 mK) and µave(20 mK) (open circles and squares
in Fig. 4(a)) as a function of Ω. It is shown in Fig. 4(b).
Shear moduli µave(300 mK) and µave(20 mK) are approx-
imately linear in Ω, having different gradients. From
these averaged data we evaluate the rotation effect on
shear modulus. We tentatively assume that the Ω de-
pendence of µ at high T is caused by the drift of mea-
surement by unknown origin. We perform a least square
linear fitting to this high - T modulus, then utilize the
fitting as a ”supposed” shear modulus µsupposed(20 mK)
(shear modulus if there were no rotation effect) for the
lowest T . These are shown in Fig. 4(b). The rotation
effect is evaluated by a ratio δ(Ω) defined as
δ(Ω) ≡
µsupposed(20 mK)− µave(20 mK)
µsupposed(20 mK)− µave(300 mK)
, (1)
which is the ratio of the length of green arrow to blue one
in Fig. 4(b). At Ω = 4 rad/s, δ(4 rad/s) is 0.147; i.e. the
shear modulus is suppressed to 85 % of the original mod-
ulus without rotation. For the 5.4 MPa solid, δ(4 rad/s)
is 0.123, slightly smaller than that of 3.6 MPa case. As to
the definition of δ(Ω), a different consideration is given
in Appendix.
B. Effect of rotation on Young’s modulus
Figure 5 (a) shows Young’s modulus E measured by
the compressive PZT for 5.4 MPa sample at ǫ = 7.35 ×
10−9 and 3.68× 10−8 without rotation. E(T ) gradually
decreases as T decreases, then shows a minimum, fol-
lowed by a large increase. At ǫ = 3.68×10−8, the overall
behavior shifts to lower temperatures, and E does not
saturate. The change in E from 200 to 20 mK is about
60 % of that of the lower strain case. By analogy with
shear modulus, a critical strain for Young’s modulus pre-
sumably exists between the two strains. In Fig. 5(b),
we compare E(T ) data above the critical strain with and
without rotation. Unlike shear modulus, no significant
difference was found in E(T ), except for a small down-
ward shift at Ω = 4 rad/s above 0.3 K.
7FIG. 5. (Color online) Young’s modulus E measured in cool-
ing scans. (a) E measured at ǫ = 7.35×10−9 and 3.68×10−8
without rotation. (b) E measured at ǫ = 3.68×10−8 with and
without rotation. Data at Ω = 4 rad/s are shifted to coincide
at 300 mK.
V. INTERPRETATION FOR THE ROTATION
EFFECT
In this Section, we discuss the possible mechanism for
the rotation effect observed in shear modulus when strain
over ǫc is applied. We firstly show that the observed ro-
tation effect can occur when the probability of attaching
3He impurities to dislocations, G, decreases by three or-
ders of magnitude. Next, we propose that such a change
in G can be realized by the effect of the Coriolis force
exerted to 3He impuritons.
A. Pinning of 3He to Dislocation Network
Rotation produces centrifugal and Coriolis forces on
the solid 4He samples, and these forces can influence
both the structure of dislocation network and the mo-
tion of 3He impurities. Iwasa points out that dislocation
segments in the network can be stretched by the stress in-
duced by rotation45. However, the magnitude of stretch-
ing by centrifugal force is estimated to be 10−12 of the
segment length L, when L is set to 1 µm. This stretch-
ing is too small to explain the 15 % reduction in µ by
rotation (the effect of the Coriolis force is even smaller).
Next, we discuss the effect of rotation on the pinning of
3He to dislocations. In the dislocation pinning model20,
shear modulus µ is given by
µ =
µel
1 + (1−ν)Λ2pi L
2
= µelκ
−1
(
κ ≡ 1 +
(1− ν)Λ
2π
L2
)
(2)
where µel is the shear modulus when there is no pinning
effect by impurity 3He, ν Poisson’s ratio, Λ the dislo-
cation density, and L the average length of dislocation
between pinning points. Hereafter, we adopt averages
for all the lengths concerning dislocations for simplicity,
but there are broad distributions in reality. We mention
the effect of distributions later.
Equation (2) clearly indicates that the shear modulus
decreases as L increases. L is given by
L =
LNALiA
LNA + LiA
(3)
where LNA and LiA are the average of length of disloca-
tion segment between network nodes, LN, and the aver-
age of the dislocation length between the pinned points
by 3He impurities, Li, respectively. Since the dislocation
nodes are strongly fixed, the distribution of LN is deter-
mined when the solid sample is formed. Li is determined
as LN divided by the number of pinned
3He on a dis-
location, ni, which is evaluated by considering pinning
process.
When 3He impurities approach a dislocation segment,
they pin the segment with pinning rate R1 given by
R1 = x3LNAG (4)
where x3 and G are
3He concentration and the proba-
bility of pinning of 3He on the dislocation, respectively.
Pinned 3He is detached from the dislocation with a rate
of unpinning rate R2. R2 is obtained by assuming an
Arrhenius type rate equation with thermal activation en-
ergy EA by the binding energy of a
3He to dislocation as
follows.
R2 =
ni
τ0
e−EA/T (5)
where τ0 is the relaxation time (1/τ0 is the attempt fre-
quency of the thermal activation of dislocation). The
equilibrium number of attached 3He on a dislocation ni0
is evaluated by balance of R1 and R2 so that we obtain
ni0 given by
ni0 = x3LNAGτ0e
EA/T . (6)
Eventually, LiA is obtained:
LiA =
LNA
ni0
=
exp (−EA/T )
x3Gτ0
. (7)
Taking Eqs. (2), (3) and (7) into account, we find that
the quantity κ depends on the pinning probability G,
κ = 1 +
(1− ν)Λ
2π
(
LNALiA
LNA + LiA
)2
(8)
8= 1 +
(1− ν)Λ
2π
(
LNA
exp (−EA/T )
x3Gτ0
LNA +
exp (−EA/T )
x3Gτ0
)2
(9)
We evaluate the magnitude of change in µ by changing
temperature, using δµ, the same as Eq. (A1). Using Eq.
(2), Eq. (A1) becomes
δµ =
µel
κ(0.02 K) −
µel
κ(0.3 K)
µel
κ(0.3 K)
(10)
=
κ(0.3 K)
κ(0.02 K)
− 1. (11)
According to Iwasa20, we choose Λ = 1.32× 1010 m−2,
G = 1.0× 1012 m−1s−1, τ0 = 10 × 10
−3 s and EA = 0.2
K. Substituting these values to Eqs. (7), (8) and (11),
we obtain the expecting value for 3.6 MPa sample at 4
rad/s without suppression by rotation δµ = 23.18% (in
order to calculate this expected value, here µave(20 mK)
in δµ is replaced by µsupposed(20 mK) of the previous
section), when we assume LNA ≈ 1.36×10
−5m according
to Iwasa20.
We now consider how rotation affects the change in
δµ. As previously mentioned, LNA(= 1.36× 10
−5 m) will
not change by rotation. Using Eqs. (7), (8) and (11),
it is deduced that the experimental value δµ = 19.76%
suppressed by rotation Ω = 4 rad/s is fitted if we assume
G ≈ 1.25× 109 m−1s−1. That is, by rotation, G has to
decrease 10−3 times the value of G without rotation.
B. Effect of rotation on the motion of 3He
impurities
In the previous section, we have concluded that the
probability of sticking 3He to dislocations G should de-
crease three orders of magnitude to explain the observed
rotation effect on shear modulus. We propose that such
a huge decrease in G can be realized by the Coriolis force
exerted to 3He impuritons. The rotational motion of
the impuritons by the Coriolis force makes 3He diffusion
strongly anisotropic between the direction of rotation and
other directions.
There are three types of forces exerted to rotating solid
helium with constant rotation speed: gravity, centrifugal
and Coriolis forces. Gravity and centrifugal forces are
exerted to both the 4He and 3He atoms, and the magni-
tudes are mg and mrΩ2, where r is the radial position
of the atom. Here the mass m is the bare mass of 4He
or 3He. The centrifugal force can induce a distribution
of 3He impurities in the radial direction, but the magni-
tude of the force at Ω = 4 rad/s is an order of magnitude
smaller than the gravitational force. Therefore, the 3He
density distribution caused by centrifugal force is negli-
gible in the range of Ω in the present work.
On the other hand, the Coriolis force is a velocity -
dependent force exerted on an object moving with veloc-
ity v in the rotating frame. Therefore, the Coriolis force
is exerted only on moving 3He impurities, not on 4He
atoms. The Coriolis force is given by 2m∗~Ω× ~v. We em-
phasize that the mass in the formula of Coriolis force is
an effective mass of 3He impuriton, and the velocity is
the impuriton group velocity vg, which is determined by
the energy bandwidth ∆. Since the effective mass is large
(104m3 < m
∗ < 107m3), the magnitude of the Coriolis
force 2m∗Ωv exceed several orders of magnitude of the
gravitational and centrifugal forces.
The equation of motion is dominated by the Coriolis
force:
m∗a = −2m∗Ω× v. (12)
Consequently, the impuriton motion becomes spiral,
i.e. when we take the cylindrical coordinate (r, θ, z) in
which z is the rotation axis, the motion is circular in the
r − θ plane, whereas the motion in the direction of ro-
tation axis (z) is unaffected. The radius of circle RC is
given by 〈vg〉r /2Ω, where 〈vg〉r is the projection of the
group velocity vector to the r− θ plane. The magnitude
of group velocity of 3He impuriton in hcp 4He is approx-
imately given by46
〈
v2g
〉
= 18J234a
2/h¯2. Here J34 is the
exchange energy between 3He and 4He atoms, and a is
the lattice constant (of the hcp basal plane).
In order to evaluate the rotation effect, we need to
adopt values of J34 from past NMR measurements, but
no data are available for 3He concentration less than 10
ppm and for pressure higher than 4 MPa. We estimate
J34 from NMR studies of Greenberg et al.
32,47, in which
J34 was obtained experimentally for solid samples with
3He concentration 0.01 and 0.02, and at molar volume
from 21 to 20 cc/mole, which corrensponds to the pres-
sure range from 2.5 MPa (i.e. melting pressure) to 4
MPa. Greenberg et al. found that log J34 is linearly pro-
portional to the molar volume Vm, i.e. J34 ∝ exp(Vm).
Since no substantial 3He concentration dependence was
seen in J34, it is reasonable to assume the same order
of magnitude for J34 in our much more dilute samples
(Note that the impuriton picture becomes better as the
3He concentration decreases). J34 is estimated for our
two samples by assuming the same molar volume depen-
dence. We estimate possible maximum and minimum of
J34, taking the scattering of the original data of Green-
berg into account. The lattice constant a is estimated
from the data of a past x-ray measurement48. Since a
is proportional to the cube root of the molar volume,
it is reasonable to estimate a at 3.6 and 5.4 MPa using
least square fitting and using the data of pressure molar
volume relation obtained by Edwards and Pandorf49.
The estimated impuriton group velocity vg, the Cori-
olis force FCor and the radius of the impuriton circular
motion RC at Ω = 4 rad/s are summarized in Table I
together with the physical parameters used in the esti-
mations. Note that the Coriolis force is a few orders
of magnitude larger than gravitational and centrifugal
forces (∼ 10−26∼−28 N). The consequent circular motion
of impuritons has a radius RC about 1 and 10 µm at
P = 5.4 and 3.6 MPa, respectively.
9Under rotation, the motion of 3He impuritons will be
composed of a circular motion in r− θ plane and a linear
motion in z direction. If the radius of circular motion Rc
is much smaller than the dislocation segment length LN ,
the probability of 3He encountering to the dislocation G
will be suppressed. Consequently, the shear modulus will
decrease at low temperatures.
P Vm a f34 (kHz) J34 (Joule) vg (m/s) FCor(N) RC(m)
(MPa) (cc/mole) (nm) min max min max min max min max
2.50 21.17 0.3677 86 100 5.7 × 10−29 6.6 × 10−29 8.4 × 10−4 9.8× 10−4 4.87 × 10−24 1.0× 10−4 1.2 × 10−4
3.60 20.27 0.3624 6.93 10 4.6 × 10−30 6.6 × 10−30 6.7 × 10−5 9.7× 10−5 4.94 × 10−24 8.4× 10−6 1.2 × 10−5
5.40 19.44 0.3574 0.35 2.0 2.3 × 10−31 1.3 × 10−30 3.3 × 10−6 1.9× 10−5 5.01 × 10−24 4.2× 10−7 2.4 × 10−6
TABLE I. Parameters and estimates of some quantities for three pressures: Pressure P , molar volume49 Vm, lattice constant
48
a. Exchange frequency f34 and bandwidth J34 are obtained from Greenberg et al.
32,47. Group velocity vg, the Coriolis force
FCor, and radius of circular motion RC are derived from J34 and a. FCor and RC are the values at Ω = 4 rad/s. The minima
and maxima for some quantities are anticipated from the f34 data of Greenberg et al., taking the scatters of the data into
account. Note that FCor is same for the maximum and minimum of vg.
Two experimental situations should be further consid-
ered in this interpretation: (1) The suppression of µ is
observed only when the applied shear strain exceeds the
critical strain. (2) In any real crystals, there is a broad
distribution in the segment length LN and the length be-
tween impurity pinning points Li. We discuss the rota-
tion effect involving these facts, based on the dislocation
pinning model extended by Iwasa20, Fefferman et al.31
and Kang. et al.50.
When a stress σ is applied to crystal, dislocation
strings feel a force. The force f which needs to depin
a 3He from dislocation has a critical value fc = bσLc/2.
Here b is the Burgers vector and Lc is a critical seg-
ment length which separates pinned and depinned dis-
locations: i.e. dislocation segments shorter than Lc are
pinned, while those longer than Lc are depinned. Lc is
therefore given by
Lc = 2fc/bσ, (13)
and is inversely proportional to applied stress σ. For
simplicity we assume that Lc is constant throughout one
solid sample, although there might be inhomogeneity in
its magnitude caused by distribution in the magnitude
of activation energy EA. Lc is obtained by using three
shear stresses obtained in the measurement. As to the
critical force, we adopt fc = 6.8 × 10
−15 N, which was
obtained by Fefferman et al.31. This value is close to
other estimation fc = 1× 10
−14 N by Iwasa et al.51. We
assume b = a, a is shown in Table I. In Fig. 6 (b), we
plot the measured shear modulus µ = I/fV (20mK) as a
function of Lc.
Once a solid sample is formed, LN has a fixed distribu-
tion. It is appropriate to assume a lognormal distribution
for LN
50,51. According to Kang et al., the distribution of
LN is given by
N(LN)dLN = Z exp
[
−
(lnLN − ln = LN)
2
s2
]
dLN,(14)
where s is the width of the distribution. Z and = LN are
Z = Λ√
pisLNA2
exp
(
s2
2
)
and = LN = LNA exp
(
− 3s
2
4
)
,
respectively. On the other hand, an exponential distri-
bution is assumed for N(Li),
N(Li)dLi =
Λd
LiA
2 exp
(
−
Li
LiA
)
dLi, (15)
where we take thermal activation formula Eq. 7 with
activation enerby EA = 0.3 K to obtain N(Li) at
50, 100 and 300 mK. Note that the choice of the
value of EA, in which various authors claim different
values (0.2 - 0.7 K), does not give any influence to
our discussion. In both formula, N(LN(or i))dLN(or i) is
the number of dislocation segments having length be-
tween LN(or i) and LN(or i) + dLN(or i), and the integral∫∞
0 LN(or i)N
(
LN(or i)
)
dLN(or i) gives the total length of
dislocations per unit volume Λ. N(LN), and N(Li) for
50, 100 and 300 mK are shown in Fig. 6 (b). In the
calculation we take the average LNA = 1.36× 10
−5 m.
Let us first consider the virtual case that neither shear
nor rotation is applied. In this case the pinning of 3He
to dislocations are controlled only by temperature. In
Fig. 6, as temperature decreases, the distribution N(Li)
shifts to shorter Li (left-handed) side, while N(LN) is un-
changed. This means that shorter dislocation segments
are pinned by 3He at lower T . This is exactly what hap-
pens when solid 4He stiffens.
Next, we think of the case that some shear strain is
applied. N(LN) (red curved line shown in Fig. 6(b)) has
a peak at LN ∼ 7×10
−6 m, and decreases logarithmically
as LN increases. When applied shear is weak and hence
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Lc is large, e.g. Lc > 1.5×10
−4 m, there are very few dis-
location segments which are depinned by applied shear.
This is quite consistent with our observation that µ was
not suppressed at shear strain ǫ ≤ 7.91×10−9, which cor-
responds to four data points of I/fV at Lc ≥ 3 × 10
−4
m of Fig. 6(b).
At the highest shear strain ǫ = 3.96 × 10−8, Lc is lo-
cated at 5 × 10−5 m, which is indicated by dashed line
across Fig. 6(a) and (b). In this case, the dislocations
having lengths LN > Lc, which are shown by orange col-
ored region, are all depinned from 3He by applied shear,
even if the distribution N(Li) went to short Li side. This
depinning occuring in the long segments will result in the
suppression of shear modulus, which is actually observed
in measurement.
Let us consider the effect of rotation. We show in
Fig. 6(b) the radius of circular motion RC at Ω = 4
rad/s. The ambiguity in the estimation of RC is ex-
pressed by colored area (green and blue for 3.6 and 5.4
MPa, respectively). RC is approximately
1
5 and
1
50 of
Lc at ǫ = 3.96× 10
−8 (the dashed line) for pressure 3.6
and 5.4 MPa, respectively. The probability of pinning of
3He to dislocation segments with lengths LN ≤ Lc will
be suppressed by the spiral motion of impuritons. It is
therefore expected that shear modulus is suppressed by
rotation, even in the case that dislocation segments has
a distribution in lengths.
In this explanation, the necessary condition for the
suppression of pinning probability G at a certain tem-
perature T is that RC is much smaller than dislocation
segment length which mainly contribute to shear mod-
ulus at T . Once the distribution N(LN) is fixed in a
particular solid sample, the magnitude relationship be-
tween RC and LN is also fixed. If RC ≪ LN holds for
most of the dislocation segments (as in the case of Fig.
6(b)), the suppression of µ will occur irrespective of ap-
plied shear stress. Nevertheless, why is the rotation effect
is seen only at ǫ ≥ ǫc? We consider that the suppres-
sion of µ exists also in the data of smaller shear strains,
ǫ < 10−8. In the µ data of the 5.4 MPa sample, µ at
Ω = 4 rad/s is slightly smaller than µ at rest in the
temperature range between 0.1 and 0.2 K. It is currently
difficult to conclude whether this decrease in µ is the
true rotation effect or not, because the change is close to
the experimental resolution of shear modulus. However,
we have observed similar changes in a floating-core TO
mentioned in Sec. II, in which the TO resonant frequency
decreases accompanied with additional dissipation in the
temperature range between 50 and 300 mK, depending
on the TO amplitude, which is roughly proportional to
applied shear strain. The floating-core TO is so sensitive
to the change in shear modulus of solid He contained be-
tween the inner core and outer shell that the rotation
effect in shear modulus could be detected even if it were
small. The TO data are now under analysis and will be
published elsewhere.
Our interpretation for the rotation effect can be rein-
forced by considering directional anisotropy in disloca-
tion segments that contribute to shear modulus. Figure
7 shows a cartoon of a part of dislocation network and
circular impuriton motion, which are viewed from top of
the PZT pair, i.e. in the direction of rotation axis z ‖ Ω.
As explained in Sec. II, edge dislocation lines parallel to
z mostly contribute to µ when shear is applied to the θ
direction. For simplicity, four such dislocation lines are
shown as ⊥ separated by distance LN: i.e. four lines are
connected by other dislocation segments running in the
directions of r and θ, which are not shown in the car-
toon. It is easily seen that, when Rc ≪ LN, impuritons
do not encounter the dislocations. On the other hand,
impuritons moving (spirally) in z direction can still be
trapped to dislocation lines lying in r − θ plane. How-
ever, pinnings of dislocation lines in r − θ plane do not
contribute significantly to the change in c44 measured by
PZT driven in θ direction. Therefore, the z-directed im-
puriton motion will not influence the rotation effect.
As easily understood in Fig. 7, impuritons rotating
with Rc close to LN will be eventually captured by dis-
location lines in z direction. The rotation effect will
therefore decline as molar volume (pressure) of solid 4He
increases (decreases), and will finally disappear as the
pressure approaches melting point, where Rc exceeds
1 × 10−4m, within which the lengths LN of most of the
dislocation segments lie. Such a molar volume depen-
dence may also explain the abrupt changes in µ we have
observed near the end of each cooling scan of the 3.6 MPa
sample .
VI. DISCUSSION
Our observation of the suppression of shear modulus by
steady rotation can be consistently related to the results
of TO experiments under rotation. The interpretation
based on circular motion of 3He impuritons is also con-
sistent with a theory of defecton quasiparticles in rotat-
ing quantum crystal. Here we compare our results with
these previous experiments and theories, and comment
on some unsolved problems.
A. Absence of rotation effect on Young’s modulus
We have not observed significant change in Young’s
modulus under rotation. Within the consideration of
elasticity of continuous media, the absence of the rota-
tion effect in Young’s modulus is puzzling, since shear
and Young’s moduli are mutually related by Poisson’s
ratio. The absence of rotation effect might arise from
inhomogeneity in displacements occuring in compression
(expansion) experiment. Our solid helium sample in mea-
surement is long in azimuthal (θ) direction while it is thin
in between two PZTs. Moreover, the solid near the edge
of PZT pair cannot freely expand because the solid exists
also outside the sample between the PZTs, and because
top and bottom of the solid sample is enclosed by BeCu
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FIG. 6. (Color online) (a) Schematic illustration of distribu-
tion in LN, which corresponds to the abscissa of graph (b).
Li and Rc are also shown. (b) Number density of disloca-
tion lengths LN and Li, denoted as N(LN) and N(Li), as a
function of LN and Li (for temperatures at 50, 100, and 300
mK), respectively. These are anticipated by Eqs. (14) and
(15). Measured shear modulus µ for the 3.6 and 5.4 MPa
samples is shown as a function of Lc, which is given by Eq.
(13). We focus on the location of µ at Lc = 5 × 10
−5m
(ǫ = 3.96 × 10−8). The location is indicated by dashed line.
The dislocation segment between nodes with lengths LN > Lc
is depinned from 3He by applied shear stress. This is indicated
as orange colored area of N(LN). Rc shown by colored (green
and turquoise) area and double-headed arrows, which indicate
uncertainty (see text), is much smaller than Lc. Therefore,
the pinning of 3He to dislocation segments at lengths LN ≤ Lc
will be suppressed, resulting in the decrement in µ.
wall. In this situation, compression of solid in r direc-
tion will not produce much expansion in both θ and z
directions. As a result the response detacted by one of
the compression PZTs may only be determined by pure
compression or expansion in r direction but will not con-
tain the effect of shear motion in θ direction.
Simulation such as FEM will help to elucidate the va-
lidity of this speculation.
B. Comparison with rotating torsional oscillator
experiments
The suppression of shear modulus by rotation ob-
served in the present work has a resemblance to the re-
sults of rotating TO experiments performed by various
groups36,38,40. We propose that the most of the TO be-
haviors induced by steady rotation are essentially caused
RC
LN
LN
Ω
r
θ
RC
FIG. 7. (Color online) Schematic view of dislocation network
and circular impuriton motion viewed in the direction of rota-
tion axis z ‖ Ω. As discussed in Sec. II, edge dislocation lines
parallel to z mostly contribute to µ when shear is applied to
θ direction. For simplicity, four dislocation lines are shown
as ⊥ keeping distance LN. When Rc ≪ LN, impuritons do
not encounter the dislocations, and sticking such impuritons
to dislocation lines in r and θ directions (not shown) do not
contribute significantly to the change in c44. Impuritons ro-
tating with Rc ∼ LN will be captured by the z - dislocations,
so the rotation effect will disappear as molar volume of solid
4He increases.
by suppression of shear modulus.
Yagi et al. employed a TO containing a disk-shape
solid 4He (formed from a commercial 4He gas, solid pres-
sure not exactly known) and rotated it up to 1.26 rad/s
(0.2 rps) with TO driving velocity up to 400 µm/s36.
The shift of resonant frequency, which is now attributed
to stiffening of solid 4He inside the TO bob, decreased
as the rotation was applied below 70 mK, although the
authors were not aware of the decrement. The decrement
became more prominent as Ω increased, and as the os-
cillation velocity of TO, vrim (velocity of rim of the solid
sample) increased: at vrim = 400µm/s, which was their
highest velocity, the frequency shift caused by stiffening
of 4He is suppressed by approximately 10 % of from the
original magnitude under no rotation.
Jaewon Choi et al. studied the effect of rotation for a
TO which has two annular tubes for solid 4He samples,
and which has two resonant frequencies38. When rotation
was applied, decrement of period shift was observed in
lower resonant mode below 80 mK. The decrement was
roughly proportional to Ω and was about 15 % when
rotation Ω = 4 rad/s was applied. The high resonant
mode had no significant rotation effect.
The rotation effects observed by these two TOs are
attributed to the change in shear modulus. As mentioned
in Sec. II, the change in TO period are attributed to the
change in shear modulus of solid 4He inside the TO bob.
Given that the low - T period shift from the period at
high T (e.g. 500 mK) is entirely originated from stiffening
of solid 4He, the period shift ∆P (T ) can be considered to
be proportional to the change in shear modulus ∆µ(T ).
12
The magnitude of the rotation - induced decrement of µ is
close to our result. This suggests that the distributions
of dislocation network length LN are identical in these
two TOs and in our shear modulus apparatus.
In comparison of TO experiments with shear modu-
lus measurements, the estimation of magnitude of shear
strain or stress produced by oscillation of torsion bob
could be a problem: A large discrepancy has been pointed
out in the nonlinear behaviors of ∆µ(ǫ) in direct shear
measurements and ∆P (ǫ) in TO studies. This might be
caused by inaccuracy in the estimation of ǫ produced by
TO, which is described in Appendix. In particular, the
magnitude of the critical pinning length Lc is not clear
in TO.
Another TO experiment by Fear et al. found no signif-
icant effect in ∆P at 28 mK when cryostat was rotated
up to 2 rad/s37. This was probably due to the small
magnitude of ∆P (T ) in their TO design, which made
the observation of even smaller rotation effect difficult.
Tsuiki et al. have recently carried out a rotation exper-
iment using a floating-core TO40. This TO has a number
of advantages for studying shear stiffening of solid 4He:
It is very sensitive to the change in shear modulus of
solid He between inner metal core and outer shell, which
can oscillate in phase and out of phase, and can produce
extremely large frequency shift, which is about 0.3 Hz
at low resonant mode (f ∼ 850 Hz) and about 50 Hz
at higher modes (f ∼ 6300 Hz). These features enables
us to perform detailed studies of rotation effect on shear
modulus of solid 4He with highest sensitivity we have
ever had. In this floating-core TO, Tsuiki et al. have ob-
served rotation - induced suppression of frequency shift at
two resonant frequencies (about 850 and 6300 Hz), but
the suppression most prominently occured at tempera-
tures between 50 and 200 mK (depending on applied TO
drive), and the suppression below 50 mK was not as large
as the case of other TOs. We suppose that this differ-
ence are attributed to the difference in the distribution
of LN. In the floating-core TO LN might have broader
distribution than other TOs and our present apparatus,
and the distribution might incline to long LN side. Such
a distribution can shift the occurence of suppression of
3He pinning to high temperature side.
These TO results are consistent with each other and
with our present work. However, they do not repro-
duce the result of Choi et al.21–23: In Choi’s experiment,
when rotation Ω = 4 rad/s was applied, the decrement
of ∆P (T ) reached 42 % of ∆P (T ) at Ω = 0. It is still
difficult to explain such a large rotation effect by simply
applying the suppression of shear modulus caused by cir-
cular motion of 3He impuritons. Similar large rotation
effect was observed in a TO containing ring - shaped
porous Vycor glass (8 mm ring radius, 2 mm thick in
radial direction, and 12 mm in height)(Tsuiki et al., in
preparation40). In this TO, narrow space of about 30µm
thick was probably formed between the Vycor ring and
the metal outer wall, due to the difference of thermal con-
traction in Vycor glass and BeCu metal, and solid 4He
confined in the narrow space produced large period shift
(note that solid 4He in Vycor nanopores does not show
stiffening because of absence of dislocations in solid 4He
confined in nanopores). This large period shift showed
a large decrement by rotation below 300 mK. Surpris-
ingly, the decrement at Ω = 4 rad/s reached 60 % of the
original period shift.
We speculate that these large rotation - induced decre-
ments are originated from solid 4He in narrow spaces such
as cracks or crevices in the torsion bob. Such narrow
spaces, for example, could be unintentionally formed in
epoxy resin (Stycast etc.) which glues metal parts. It
has been proposed in several experiments that stiffening
of solid 4He existing inside such cracks gives nonnegli-
gible contribution to the period shift of TO52. In par-
ticular, if layers of thin solid 4He with thickness larger
than 10µm (larger than LNA) are located closely to the
place of torsion rod, their stiffening by 3He - disloca-
tion pinning mechanism produces a large period shift at
low temperatures52–54. If dislocations are formed more
in narrow spaces than in larger (i.e. bulk) open spaces,
enough 3He atoms necessary for completely pin the dis-
locations may not be provided from larger spaces when
TO is rotated, because the diffusion of 3He is strongly
disturbed by the rotation - induced Coriolis force. This
scenario of nonequilibrium 3He spatial distribution may
explain the large rotation effect of Choi et al. and Tsuiki
et al., in which case was not taken for unintentional for-
mation of narrow spaces.
C. Theory of rotation effect in quantum solids
As mentioned in Sec. II, Pushkarov theoretically stud-
ied the effects of rotation on quantum properties of solid
4He2,34,35. He proposed a Fokker - Planck type equa-
tion for defectons in solid, and derived the temperature
dependence of diffusion coefficient tensor in the temper-
ature regime that phonon scattering deterimines the de-
fecton diffusion. He obtained a surprising conclusion
that diffusion coefficient D in the directions perpendic-
ular to the rotation axis change from T−7 at rest and
at small Ω to T 9 at Ω ∼ 102 rad/s, while D in z di-
rection is unchanged at all. This change in the power-
law exponent of Dr,θ makes defecton diffusion extremely
anisotropic, and results in the same effect as we propose.
In Pusukarov’s theory the effect of rotation is introduced
by a term proportional to Ω in collision integral, which is
a consequence of Coriolis force acting on moving defec-
tons. Since Pushkarov focused on zero - point vacancies
(vacancion) in solid 4He, in which the effective mass is
nearly the same order of magnitude as bare 4He mass, the
application of the theory to the case of 3He impuritons
with large effective mass was not explicitly discussed. In
order to apply this theory to our experiment, the theory
should be specified to the case of 3He impurities and be
extended to the temperature regime where the effect of
phonon scattering is negligible.
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We point out that future theories of quasiparticle dy-
namics taking into account the features of 3He impuri-
tons (narrow bandwidth and heavy effective mass) and
interaction between dislocations and impuritons will de-
scribe quantitatively the rotation effect on dislocation -
3He pinning.
VII. CONCLUSIONS
We have examined the effect of steady rotation on the
elastic properties of solid 4He, using specially designed
quarter circle PZTs and a rotating dilution refrigerator.
At low strains, no significant rotation effect was observed
in shear modulus µ(T ), except for a slight decrease in
shear modulus around 200 mK in the sample of pres-
sure P = 5.4 MPa. At strains presumably higher than
or in the vicinity of the critical strain, above which µ
decreases because the shear strain unbinds dislocations
from 3He impurities, µ is suppressed by rotation below
80 mK when sample is rotated with angular velocity up
to Ω = 4 rad/s. The decrement of µ at Ω = 4 rad/s is
about 14.7(12.3) % of the total change of µ(T ) from 15 to
500 mK, for solid samples of pressure 3.6(5.4) MPa. In
order to explain the decrement, the probability of pinning
of 3He on dislocation segment, G, must decrease about
three orders of magnitude. Such a decrease in G can be
realized by the anisotropy of the motion (diffusion) of
3He impuritons by the Coriolis force. We propose that
the radius of the spiral motion of 3He impuritons, Rc, can
be much smaller than the length of dislocation segment
LN. This will result in a decrease in pinning probabil-
ity G for dislocation lines aligned parallel to the rotation
axis.
Our experiment and interpretation may solve the con-
troversy in the results of several rotating torsional oscil-
lator experiments. Detailed analyses and discussion on
several TO results including an analysis of the present
shear modulus result by considering the distribution in
LN will be given in our future publication
40.
The microscopic mechanism of the rotation effect on
3He pinning is to be further investigated. Concerning to
this problem, the dynamics of 3He impuritons is an inter-
esting issue to pursuit. Since the Coriolis force acting on
3He impuritons has a close analogy to the Lorentz force
exerted to charged quantum particles55, one may expect
quantum phenomena as in rotating cold atoms56 and in
electrons in magnetic field.
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Appendix A: Evaluation of rotation effect
(i)Another consideration of the decrement of
shear modulus
In the evaluation of the rotation - induced decrement of
the shear modulus described in the main text, we assume
that Ω dependence of µ at high T appears due to the drift
of measurement. However, it is also possible to assume
that the change in µ at high T is a real rotation effect.
In this case, it is not the absolute value of µ but the ratio
of changes in µ from high to low T that should be taken
into consideration. In this regard, we define a reduced
change of shear modulus δµ as follows:
δµ =
µave(20 mK)− µave(300 mK)
µave(300 mK)
(A1)
where µave(20 mK) and µave(300 mK) are defined in the
main text and shown as open squares and circles in Fig.
3 of the main text, respectively.
In Table II, values of µave are summarized. Here we
consider shear modulus at Ω = 0 and 4 rad/s. The δµ
at 0 rad/s is evaluated to be 0.2245; i.e. 22.45 %. If
there were no rotation effect in δµ, δµ at 4 rad/s should
be also 0.2245. In reality, however, the results shown in
Table II show that δµ at 4 rad/s is 0.1976 (19.76 %),
which is smaller than 0.2245. Therefore, at Ω = 4 rad/s
δµ decreases by 11.94 %.
(ii)Uncertainty in shear modulus
Here we confirm the rotation effect on shear modulus
by discussing uncertainty in shear modulus under rota-
tion. We discuss the 3.6 MPa solid sample. In Fig. 8, we
show µ which is averaged at 20 mK for 30 minutes. Stan-
dard deviations are indicated by error bars. As shown in
Fig. 8, at strains ǫ ≤ 7.91×10−9, averaged shear modulus
are on the horizontal line within error bar. This indicates
that µ at ǫ ≤ 7.91× 10−9 does not depend on Ω. On the
other hand, µ at ǫ = 3.96 × 10−8 decreases far over the
error bars as Ω increases. The decrease in µ at Ω = 4
rad/s is an order of magnitude larger than the standard
deviation. Thus, the suppression of shear modulus is not
experimental artifact but a significant rotation effect.
TABLE II. Shear modulus values of 3.6 MPa sample at low
and high T , with and without rotation (unit : pA/HzV)
0 rad/s 4 rad/s
µave(20 mK) 0.09415 0.08982
µave(300 mK) 0.07689 0.07500
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FIG. 8. (Color online) The average shear modulus µ with
standard deviation as error bar for each Ω taken from Fig. 3
in the main paper. Lines are guide to eye.
Appendix B: Estimation of stress for annular solid
4He in a torsional oscillator
In the previous TO experiment by Choi et al .21, sup-
pression of TO period change by rotation was observed
when they fixed AC oscillation speed at 6 µm/s (at the
circumference of the annular sample). By using this oscil-
lation speed and other relevant values, the stress applied
to solid 4He is calculated to be ∼ 1.0 × 10−3 Pa. The
details of the calculation is shown below.
Considering the torque acting on solid 4He by the os-
cillation of the TO cell, we obtain the stress at sample as
follows:
σ =
ρtωv
2
(B1)
where ρ is the density of solid 4He (for 4.0 MPa sample,
ρ ≈160 kg/m3), t the thickness of the annular solid sam-
ple (0.4 mm), ω the resonant frequency (2π×911 rad/s),
and v the oscillation velocity of the sample. Substitut-
ing v = 6µm/s to Eq. (B1), σ is calculated to be about
1.0×10−3 Pa, which is two orders magnitude smaller than
σ generated by the critical strain applied under present
rotation experiment.
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